Congenital aniridia is an autosomal dominant inherited sight-threatening disease, most often appearing as an isolated eye disorder. It is caused by mutations in the PAX6 gene (chromosome 11p), the master gene of the development of the eye 1 . The most obvious sign of aniridia is a pronounced absence of the iris 2 , although the degree of absence can vary. Aniridia is often associated with severe visual impairment mainly due to deficient development of the retina, particularly of the macular region 3 . The mean best spectacle-corrected visual acuity (BSCVA) in one cohort 4 was 20/100. Other causes of further visual impairment are glaucoma, cataract development and keratopathy. Glaucoma is frequent, and has been found in more than 40% of the patients. 5 Glaucoma diagnosis may be affected by a markedly increased central corneal thickness that could compromise measurements of intraocular pressure 6 . Cataract has additionally been found in 60 % of patients. 5 Aniridia related keratopathy (ARK) is a severe, sight threatening complication causing chronic irritation. In one cohort of 124 patients, some degree of ARK was found in 80 % of the eyes, and signs of ARK were seen as early as two years after birth 5, 7 . In ARK, a progression of conjunctivalization can eventually extend over the entire corneal surface. Parallel to ocular surface changes, the chronic irritation progresses. It has been shown that glaucoma, cataract and corneal surgery can accelerate the conjunctivalization process 5, 8 .
Much of the knowledge of corneal pathophysiology in aniridia has been gained by studying
Pax6 +/-knock-out mice whose phenotype resembles aniridia in the human eye. 9 The genetic defect influences the regulation of limbal stem cells leading to a breakdown of the barrier 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 function, resulting in conjunctiva invading the corneal surface. The corneal epithelium is affected by the Pax6 gene defect, 10 and epithelial cells in Pax6+/-mice show an increased proliferation and decreased differentiation. 11 The cytoskeleton constantly restructures and cell junctions are defective 12 . Moreover, in the mouse model epithelial cells are sensitive to oxidative stress 13 , show an increased apoptosis and an abnormal wound healing response, the latter also related to abnormalities in the cell surface glycoconjugates.
14 Although a progressive conjunctivalization of an initially clear central cornea is the hallmark of ARK, little is known about the status of the transparent cornea at the cellular level in the early stages. We hypothesized that the central and mid-peripheral cornea, which appears normal by slit-lamp biomicroscopy in early-stage ARK, could provide insights into the pathogenesis of ARK under cellular level examination by high resolution laser-scanning in vivo confocal microscopy (IVCM). In addition to examination of cells and nerves of the transparent cornea, IVCM was also performed to assess the morphological state of the limbal palisades region for evidence of structures normally associated with the limbal stem cell niche. [15] [16] [17] [18] MATERIALS AND METHODS
Study Criteria and Subjects
All subjects with aniridia had participated in a previous study of congenital aniridia in Sweden and Norway. 4, 5 In that study, a total of 124 aniridia patients (79 in Sweden and 45 in Norway)
were traced and recorded. From the Swedish cohort, 16 subjects were recruited for the present study, based on a practical limitation of those residing in regions surrounding the two academic hospitals where full examinations could be conducted. Subjects were specifically selected to study early-stage aniridia, and underwent a more detailed ophthalmic examination including for the first time, tear film measurements and cell, nerve, and stem cell assessment of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 cornea in vivo. To be included in the study, subjects needed to have a transparent central corneal region concomitant with an early stage of aniridic keratopathy (Table 1 and Figure 1, available at http://aaojournal.org.).Unaffected family members served as healthy controls and were chosen based on criteria of good general health without requiring medication, and without a disease known to affect the eyes. Nine subjects in the study had an inherited, congenital aniridia, and belonged to five different families. Five healthy controls were recruited from three of these families. Seven additional subjects had a sporadic aniridia (i.e., none of their relatives had aniridia). The father of one boy with sporadic aniridia was included in the control group. All subjects in the study gave informed consent prior to enrolment. The study was conducted in accordance with the Helsinki Declaration of ethical principles for the medical community, and with permission from the Ethics Committee of Linköping.
Examinations
All subjects underwent a full ophthalmic examination. Examinations were bilateral if possible, and where data from both eyes was available, only the right eye was included in the study.
Examinations included testing of best spectacle-corrected visual acuity (BSCVA) and refraction using a Snellen chart. 
RESULTS

Patient Characteristics
The pedigrees of the five families examined are given in Figure 2 , available at http://aaojournal.org.
Results of the clinical examinations, indexed by a code indicating pedigree position, are given in Table 2 , available at http://aaojournal.org. Due to light sensitivity or ocular surface irritation in some subjects with aniridia, non-compliance during examination resulted in incomplete clinical data. The mean age of aniridia subjects was 31y (range 18-52y) and healthy controls was 37y (range 11-57y).
Nine subjects with aniridia were males and seven were females. Of the six healthy controls, five were females.
Ophthalmic examination results
Mean BSCVA in aniridia was 20/160 despite clear central corneas. In addition to deficient development of the retina, leading to macular and foveal defects causing decreased visual acuity, three aniridic subjects had cataract disturbing vision, and four had glaucoma. Mean BSCVA in controls (20/19) was significantly better (P < 0.001, Mann-Whitney). Tear production by Schirmer's test was similar in both aniridia (mean 22.8mm, range: 4 -35mm) and control (mean 25.5mm, range:
11 -35mm) groups (P = 0.53, Mann-Whitney); however, the range was wider in aniridia, with one subject having a value of 4mm. Tear BUT was below 10s in 13 of 14 aniridic corneas tested, with a mean of 7.9s, significantly shorter than the mean BUT of 17.7s in controls (P < 0.001, t-test). In vivo confocal microscopy
In five of 16 aniridia cases, it was not possible to obtain useful in vivo confocal microscope images of the cornea due to a severe bilateral nystagmus.
Corneal epithelium
In the central cornea, epithelial wing cell layers in 9 of 11 aniridia cases examined contained small 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 Mature dendritic cells were present in the central subbasal nerve plexus in 11 of 11 aniridia cases examined and in five of six controls. 22 is given in Figure 5 , along with images depicting the appearance of the mature dendritic cells.
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Subbasal nerves
Central 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10
Limbal palisades
The inferior limbal region of the cornea was chosen to assess the in vivo morphology of the structures of the limbal palisades, as an indicator of the status of the limbal stem cell niche. 17 In 4 of 6 healthy controls, imaging of the limbal palisades region was possible due to varying subject tolerance of the imaging procedure. In these corneas, normal morphologic features of the limbal epithelium were observed, including palisade ridges and focal stromal projections (Figure 8 ).
Imaging of the inferior corneal limbal region was possible in nine cases of aniridia. None of these corneas, however, had a distinct limbal palisades region, and all had abnormal cell morphology. In one case, palisade ridge-like features and small focal stromal projections were observed (Figure 8 ), although these features appeared to be abnormally developed. In the remaining cases, however, a total absence of these features was noted, with the limbal region instead appearing conjunctivalized with vessels, leukocytes, and opaque tissue (Figure 8 ).
DISCUSSION
The goal of this study was to document clinical and morphologic corneal findings in the early stages of aniridic keratopathy. In one earlier study, slit lamp examination showed absence of palisades of Vogt and superficial corneal vascularization in 16/16 aniridic eyes, 9 of which had clear central cornea. 19 Based on this result and findings in other studies, 5, 26, 27 we believe that under careful examination, most if not all cases of congenital aniridia can be found to have some degree of keratopathy.
In the present study, clinical examination findings in early-stage ARK suggested Meibomian gland dysfunction or a pathologic lipid layer leading to tear film instability, echoing earlier findings. 26 Central corneal changes also included reduced touch sensitivity in several cases and thickening of the cornea in most, also confirming earlier reports of increased corneal thickness in congenital aniridia in otherwise clear, normal-appearing central corneas. 27 and goblet cell 19, 27 invasion accompany conjunctivalisation in severe stages of ARK, in this study dendritic cell invasion of wing and basal epithelial cell layers (to a pathologic density level) was observed at an early stage. Additionally, presumed goblet cells were observed in association with focal basal epithelial opacities extending into the mid-peripheral cornea. In an earlier report, goblet cells were found on the peripheral cornea corresponding to stage 2 ARK in our scale, and it was further suspected that a chronic inflammation was present. 26 These observations are consistent with our in vivo dendritic and goblet cell findings. While dendritic cell density in aniridia exceeded the density in controls and in previous reports of normal subjects, 22,23 the value was below the density reported in clinically inflamed corneas. 23 The absence of overt signs of inflammation in this study suggests the mature dendritic cell population is indicative of a chronic, subclinical form of inflammation in early-stage ARK.
Just under half of early-stage ARK cases exhibited discrete focal opacities at the level of the basal epithelium. The opacities were distributed peripherally and some extended to the central cornea, but corneal tissue remained transparent outside these focal regions. Larger, confluent opacities observed in the peripheral cornea in some cases morphologically resembled conjunctival epithelium ( Figure   4 ), and some opacities harbored presumed goblet cells. Based on these observations, it is hypothesized that opacification occurs not only by a gradual invasion of conjunctival tissue from the periphery, but also by 'islands' of opaque tissue within a clear cornea spreading to form larger, confluent opaque regions.
The transition of stratified epithelium into keratinized epithelium (or squamous metaplasia) has been noted in earlier studies by impression cytology, 19, 26 and several cases of progressive corneal opacities in aniridia have been reported, with opacities described as nonhealing epithelial defects, persistent mucous plaques, and pannus formations with inflammatory cells. 27, 30 In this study, we noted the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 location of these early-stage opacities as just anterior to and possibly within Bowman's layer, and further noted a conjunctival phenotype of opacities. Interestingly, subbasal nerves were also observed in close association with the opacities, appearing to originate from or terminate at opacities.
Whether the nerves play a role in the development of the epithelial opacities or conversely whether the opacities influence nerve guidance and function is unknown. In a Pax6 mouse model of ARK, no evidence of neurotrophic deficiency could be found in heterozygous Pax6 corneas, however, the model differed developmentally from human cases and no corneal opacities were reported in the mice. 31 IVCM assessment of the subbasal nerve plexus revealed a marked increase in nerve density in the central cornea of three patients compared to the control group and to other healthy human corneas assessed by the same laser-scanning IVCM technique. 32, 33 This finding is notably contradictory to one report of decreased subbasal nerve density in heterozygous Pax6 mice. 31 We present, however, the first subbasal nerve density values in human cases, and the highest subbasal nerve density observed in vivo to date. Recent ex vivo studies of nerves in human cornea samples have shed new light on the architecture and distribution of subbasal nerves in the normal cornea. 34, 35 Notably, in six immunohistochemically-stained whole mount human donor corneas, the mean subbasal nerve density in the central cornea was measured to be 45,940 m/mm 2 , a value twice as high as reported by laser-scanning IVCM. 34 It was suggested that the immunohistochemical staining method was sensitive enough to detect subbasal nerves of small diameter and interconnecting axons that are normally too faint to be detected by IVCM. 34 The findings in the present study therefore suggest that subbasal nerve density is pathologically high in a proportion of aniridia patients and/or that thin nerves and interconnecting axons are rendered more visible in the aniridic cornea in vivo. These possibilities could arise from several factors observed in Pax6 mouse models, including: reduced adhesion between epithelial cells 12, 36 facilitating the proliferation or penetration of subbasal nerves normally confined to narrow intercellular spaces; the presence of pathologic epithelial cells 12,14, 37   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 potentially resulting in reduced light scatter from cells and cell junctions making nerves more visible;
and a thinner epithelium with fewer cell layers 9,11 improving visibility/contrast or condensing more epithelial nerves into a given plane.
A prominent spiral pattern in the epithelial cells observed in one case had an exact correlation with the whorl pattern of underlying subbasal nerves in the inferocentral cornea. The aforementioned epithelial cell defects may have rendered this correlation more visible in the aniridic cornea;
however, it may also indicate a general correspondence of epithelial cell and subbasal nerve migration in the normal cornea. Interestingly, a coordinated centripetal movement of epithelial cells and nerves has been postulated in several studies. 38, 39 The present study provides the first evidence in human corneas of an exact correspondence of epithelial cell and subbasal nerve patterns of movement, however, as noted in a recent study, 34 the mechanisms orchestrating this motion still remain unclear.
In vivo findings in the limbal palisades region in aniridia were consistent with absence of the limbal stem cell niche and early conjunctivalisation of the limbal region. Several reports of IVCM examination of the limbal palisades in normal and stem cell deficient patients has revealed the detailed in vivo morphology of this region thought to harbor epithelial stem cells. [15] [16] [17] [18] The most notable characteristics are prominent ridge structures, circular focal stromal projections and limbal crypts residing between adjacent ridges at their base. Some or all of these structures were observed in healthy controls, but notably, the structures were present in an altered form in one case of aniridia. It is not known in what form the stem cell niche is present in congenital aniridia or whether it deteriorates over time, however, our findings indicate that this niche could exist at least morphologically to some degree in early ARK. Whether the morphology alone can serve as a prognostic indicator of stem cell presence or function is unknown. An earlier report, however, noted visible palisades in the early stages of ARK which later became masked by keratinization, 26 and in another study using IVCM, absence of palisade ridges and focal stromal projections in the limbus in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 a series of eight patients with limbal stem cell deficiency was noted, four of whom had aniridia. 17 Further study of the stem cell niche in aniridia is warranted.
Some limitations of this study were the small subgroup of patients who could be examined by in vivo confocal microscopy, the cross-sectional design (precluding longitudinal progression data), and possible selection bias in examining only subjects from certain regions and only corneas tolerant to the imaging procedure. In future studies, a larger patient population, which exists in Sweden and
Norway, 4 could be examined, and additionally longitudinal follow-up could be reported. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Table 1 . Scale used to grade the stage of aniridic keratopathy. Missing data is due to subject non-compliance and/or difficulty in obtaining an accurate reading. BSCVA = best spectacle-corrected visual acuity; BUT = tear film break-up time; CCT = central corneal thickness; IOP = intraocular pressure; ARK = aniridia related keratopathy. and focal stromal projections (white arrows) were observed in controls. In one aniridia case, abnormal ridge-like features (white arrowheads) and small focal stromal projections (black arrowheads) were observed. In the remaining aniridia cases, palisade structures were absent altogether, and instead vessels (white asterisks), dendritic cells, and reflective conjunctival tissue (black asterisk) were present. All images 400  400m.
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